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To develop new tools to study the regulation of testis physiology in teleost ﬁsh, a medium-term ex vivo
organ culture system was adopted for zebraﬁsh testis tissue. The addition of 100 nM 11-ketotestosterone
to the system supported complete spermatogenesis, as determined by morphological, molecular and
immunohistochemical analyses. Under basal conditions, however, the development of differentiated
spermatogonia, spermatocytes, and spermatids was seriously disturbed, probably related to the rapid
(within 2 days) down-regulation of the steroidogenic system. Forskolin (0.5 lM) stimulated acute andro-
gen release from freshly removed tissue and partially prevented down-regulation of the steroidogenic
system. The present ex vivo culture system can serve as a tool to evaluate effects of a wide range of sub-
stances on the two main functions of the testis, spermatogenesis and hormone production.
 2009 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Complete spermatogenesis in ex vivo organ culture starting
from undifferentiated spermatogonia has been reported in verte-
brates to date only for Japanese eel (Anguilla japonica) (Miura
et al., 1991). Certain steps of spermatogenesis have also been re-
ported under organ culture conditions in salmonid ﬁsh (Amer
et al., 2001) and amphibians (e.g., Yazawa et al., 2002). The cystic
mode of spermatogenesis seen in both ﬁsh and amphibians is char-
acterised by a less complex Sertoli-germ cell interaction than in
amniote vertebrates, which may contribute to allow ex vivo sper-
matogenesis in medium-term (a few days to a few weeks) testis
organ culture. Using dissociated testicular cell suspensions, prolif-
eration and further development of differentiated spermatogonia
or spermatocytes into spermatozoa has been reported for a num-
ber of ﬁsh species, such as medaka (Oryzias latipes; Saiki et al.,
1997; Song and Gutzeit, 2003) and zebraﬁsh (Danio rerio; Sakai,
2002). Using this approach, however, it is difﬁcult to control the
re-association process of somatic and germ cells, or feeder cells
need to be introduced in the experimental system.
In order to develop new and relatively simple tools for studying
the endocrine regulation of spermatogenesis in ﬁsh, the suitabilitycrinology and Metabolism,
t University, Kruyt Building,
rlands. Fax: +31 30 253 2837.
.
lsevier OA license.of an organ culture system to support spermatogenetic develop-
ment in testicular explants from sexually mature zebraﬁsh was
evaluated. We examined which steps of spermatogenesis took
place under basal conditions or in the presence of 11-ketotestos-
terone (11-KT), an androgen with well known relevance for ﬁsh
spermatogenesis (Miura et al., 1991; Borg, 1994), as well as the
functional state of the testicular steroidogenic system during the
ex vivo organ culture.
2. Results and discussion
The size of zebraﬁsh testis (3–8 mg total weight) allowed that
a whole (left or right) testis was incubated per culture well (Fig. 1A
and B). Morphological evaluation indicated certain heterogeneity
in the testicular cell composition among different individuals (Leal
et al., 2008). Coefﬁcients of variation among individual ﬁsh (n = 9–
11) were analysed for a number of molecular parameters, namely
expression levels of the germ cells markers ziwi (expressed
strongly in spermatogonia and weakly in spermatocytes; Houwing
et al., 2007), sycp3l (spermatocytes; Yano et al., 2008), and shippo1
(spermatids; Yano et al., 2008). Also, the expression of Leydig- and
Sertoli cell-speciﬁc genes (rlx3c [unpublished results] and gsdf
[Sawatari et al., 2007], respectively), and the amounts of 11-KT re-
leased after 48 h basal culture, were examined. The coefﬁcients of
variation ranged between 21% and 53% (mean 31%). Biological var-
iation changed according to the parameter analysed, which may
require adjustment of the sample size, depending on the choice
of parameter(s) and the magnitude of the experimentally induced
Fig. 1. (A) Schematic view and (B) photograph of the zebraﬁsh testis organ culture
system. 1, testis tissue; 2, nitrocellulose membrane; 3, agarose cylinder; 4, medium
(1 ml). Scale bar: 1 cm. (C) Comparison of the ex vivo 11-KT release during 48 h
basal culture, and of mRNA levels of several germ and somatic cell markers (see
text) between left and right testis for 9–11 individual ﬁsh. Data are represented as
relative values normalised to the left testis. No signiﬁcant differences between the
two testes were found for any of the parameters analysed (p > 0.05).
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apparent differences in germ cell composition between left and
right testis (data not shown), we examined if the effect of inter-
individual variation was minimised by incubating one testis under
control and the other testis under experimental conditions. Our
experiments used between 6 and 12 pairs of testis per condition.
In this way, a consensus was achieved between ethical guidelines,
which recommend minimising the number of experimental ani-
mals, and keeping the variance acceptably low. Since the data ob-
tained with this experimental design represent paired observations
for each individual (i.e. basal vs. treated), statistical analysis was
performed using paired t-tests. Using this procedure, no signiﬁcantdifferences between left and right testis pairs (n = 9–11) were iden-
tiﬁed for any of the above-mentioned parameters (Fig. 1C). This
data set demonstrates the feasibility of our approach to randomly
assign one of the two testes to control, the other to an experimen-
tal condition for trustworthy comparisons between groups (i.e. ba-
sal vs. treated) subjected to a speciﬁc ex vivo treatment. However,
when comparing three or more groups, testis explants of different
ﬁsh had to be used (e.g., time-course experiments as shown in
Fig. 3A), so that one-way ANOVA followed by a Student–New-
man–Keuls test was used for statistical analysis.
We then addressed the capacity of the culture system to sup-
port spermatogenesis ex vivo. Freshly excised zebraﬁsh testis tissue
shows spermatogenic tubuli ﬁlled with sperm and spermatogenic
cysts containing germ cells in all stages of spermatogenesis
(Fig. 2A). Spermatozoa were also abundant in testis sections taken
from tissue after 7 days of culture under both basal and 11-KT-
stimulated conditions. However, type B spermatogonia, spermato-
cytes and spermatids were much less numerous in tissue cultured
in the absence of 11-KT (compare Fig. 2B and C and Suppl. Fig. 1A
and B). The morphological observations were in accordance with
signiﬁcantly elevated shippo1mRNA levels (Fig. 2D). To investigate
if 11-KT prevents the disappearance of pre-existing germ cells or
stimulates germ cell proliferation and differentiation ex vivo, we
exposed testis tissue explants to 5-bromo-2-deoxyuridine (BrdU,
a DNA synthesis/proliferation marker) during the ﬁrst 48 h of cul-
ture. Our results conﬁrm the ex vivo progression of spermatogene-
sis under stimulation of 11-KT. While BrdU-labelling was found in
a limited number of spermatogonia, spermatocytes and apoptotic
germ cells in tissue cultured under basal conditions (Fig. 2E and
Suppl. Fig. 1A), BrdU-labelled germ cells were abundantly present
in 11-KT-treated testis explants (Suppl. Fig. 1B); the higher magni-
ﬁcation (Fig. 2F) revealed BrdU-labelling of spermatids and
spermatozoa, demonstrating that the culture conditions allow
completion of meiosis and spermiogenesis. The BrdU-labelling of
type A and type B spermatogonia (Fig. 2E and F) demonstrates that
they maintain their ability to proliferate and differentiate ex vivo.
However, the system requires androgens to proceed to the rapid
proliferative steps of spermatogonial differentiation and to enter
meiosis. Sakai (2002) reported similar observations using dissoci-
ated testis cells, but feeder cells showing Sertoli cell characteristics
were required to allow progression of spermatogenesis, suggesting
that contact between germ and somatic cells is essential for zebra-
ﬁsh germ cell development in culture. With our ex vivo organ cul-
ture approach, the physiological relation between somatic and
germ cells remains functionally preserved, as evidenced by com-
plete spermatogenesis under culture conditions. A primary tissue
culture system allowing full spermatogenesis has been described
previously for Japanese eel testis (Miura et al., 1991), which was
the basis for developing the present system. Two important differ-
ences exist compared to the eel system: (1) the composition of the
basal medium, the one used here being free of growth factors, and
(2) the developmental stage of the testis tissue used; while we use
here sexually mature testis containing all stages of germ cell devel-
opment, the eel system uses immature testis containing only sper-
matogonia. While this makes the analysis of treatment effects
more difﬁcult in the zebraﬁsh system, it provides a better opportu-
nity for studying late(r) stages of spermatogenesis.
The steroidogenic capacity was strongly down-regulated during
the ﬁrst 48 h in basal culture conditions (Fig. 3). The most severe
down-regulation (to8%within6 hof culture; Fig. 3A)was observed
for cyp17a1mRNA levels.We consider it as likely that the decreased
incidence of more differentiated germ cells, and perhaps also the
increased incidenceof apoptotic germcells in tissue fragments incu-
batedwithout 11-KT (see above), is a consequence of the decreasing
capacity of the tissue to produce androgens. Nevertheless, testis tis-
sue remained responsive (i.e. signiﬁcant increase of 11-KT release
Fig. 2. Spermatogenesis in zebraﬁsh testis after ex vivo organ culture. Freshly excised testis tissue showing all germ cell stages (A). Testis tissue was incubated under basal
conditions (B) or in the presence of 100 nM 11-KT (C) for 7 days; higher numbers of B type spermatogonia (SGB), spermatocytes (SPC) and spermatids (ST) are present in the
11-KT treated explants. Apoptotic cells (AP), characterised by highly condensed nuclei, seem more abundant in explants cultured under basal conditions. SGA, type A
spermatogonia; SZ, spermatozoa. (D) 11-KT exposure signiﬁcantly elevates (p < 0.05; n = 6) shippo1 mRNA levels. BrdU-labelling of testis explant cultured under basal
conditions (E) or in the presence of 11-KT (F). BrdU was present during the ﬁrst 2 days of culture. Note that BrdU-labelling can be found in all germ cell stages. In all cases, the
total length of the culture period was 7 days. Scale bars: 25 lm.
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up to 30 h in basal culture, although the absolute 11-KT amount
released decreased progressively (Fig. 3B). Despite the signiﬁcant
down-regulation of both cyp17a1 and star mRNA levels after 48 h,
expressionof both transcripts remaineddetectable even after 7 days
of culture. Although this situation maymaintain a low basal steroid
production (Fig. 3A), it was insufﬁcient for sustaining quantitatively
normal spermatogenesis ex vivo, as suggested by the reduced num-
ber of type B spermatogonia, spermatocytes, and spermatids
(Fig. 2A). From a practical point of view, the down-regulation of
the steroidogenic system can be considered as advantageous, since
itminimises the interference of endogenoushormoneswith steroids
added experimentally that, as shown for 11-KT, were able to pro-
mote spermatogenesis ex vivo (Fig. 2 and Suppl. Fig. 1).
The continuous presence of 0.5 lM forskolin in the medium for
7 days partially prevented the down-regulation of the steroido-
genic system observed in culture conditions (Fig. 3C). For example,
the absolute 11-KT amount released into forskolin-containing
medium was 5 ng/mg testis tissue, 30% of which was released
from culture day 3 to day 7 (complete culture environment was re-
placed at day 3). This demonstrates that the ex vivo culture system
is able to support steroidogenesis for a medium-term period of
time in the presence of an appropriate stimulating substance.
In summary, the current study supports the suitability, both
from technical and biological points of view, of an ex vivo organ
culture system to study zebraﬁsh testis physiology. Such a system
could serve as a powerful tool to evaluate the effects of a wide
range of substances, such as pituitary hormones, steroids, growth
factors, as well as suspected endocrine disruptors, on many aspects
of teleost ﬁsh spermatogenesis either at morphological, endocrine,
or molecular level.
3. Material and methods
3.1. Animals
Sexually mature zebraﬁsh, either Tübingen AB strain or outbred
ﬁsh from a mixed background, were used. Animal culture (Wester-ﬁeld, 2000) and experimentation were consistent with Dutch reg-
ulations and were approved by the Utrecht University Life Sciences
Committee for Animal Care and Use.
3.2. Testis tissue culture technique
As a basis, we used a previously described organ culture system
for Japanese eel testis (Miura et al., 1991). From each zebraﬁsh, tes-
tes were removed from the body cavity and immersed for 2 min in
0.5% v/v commercial bleach in PBS containing 1 mM CaCl2 and
MgCl2. After a 2 min buffer wash, the two testes were further incu-
bated in parallel, one of them serving as control for the contra-lat-
eral one. During culture, testis tissue explants were placed on of a
0.25 cm2 nitrocellulose membrane (25 lm thickness, 0.22 lm pore
size; Millipore, Billerica, MA, USA), itself resting on a 750 ll aga-
rose cylinder (1.5% w/v in pH 7.4 Ringer’s solution) placed in
1 ml medium in 24-well ﬂat-bottom plates (Corning Inc., New
York, USA) (Fig. 1A). Agarose cylinders were prepared using wells
of 48-well ﬂat-bottom plates (Corning Inc.) as moulds. Both mem-
branes and cylinders were pre-soaked in basal medium overnight
at 4 C. Basal culture medium consisted of Leibovitz-15 (Invitrogen,
Carlsbad, CA, USA) supplemented with 10 mM HEPES (Merck,
Darmstadt, Germany), 0.5% w/v bovine serum albumin fraction V
(Roche, Mannheim, Germany), 10 nM retinoic acid (Sigma-Aldrich,
St. Louis, MO, USA; see Supplemental information), 0.4 mg/L amph-
otericine B (Fungizone; Invitrogen), 200 U/ml penicillin (Invitro-
gen), and 200 lg/ml streptomycin (Invitrogen); pH was adjusted
to 7.4. Incubation was performed for 7 days in a humidiﬁed air
atmosphere at 25 C; the medium was refreshed at day 3. For mea-
suring androgen release by testicular tissue, the culture environ-
ment was refreshed by transferring the nitrocellulose membranes
supporting the tissue explants to fresh culture wells.
3.3. Experimental validation of the culture technique
First, we evaluated if the two testes of one ﬁsh showed similar
cellular compositions, mRNA levels of germ cell markers (ziwi for
spermatogonia and spermatocytes, sycp3l for spermatocytes, and
Fig. 3. Behaviour of the zebraﬁsh testicular steroidogenic system under ex vivo
organ culture conditions. (A) Time-course of 11-KT release and cyp17a1 and star
mRNA transcript levels in basal culture medium (n = 6–7 at each time point; mRNA
levels at t = 0 h is set to 1). (B) Forskolin-induced (0.5 lM) release of 11-KT during
6 h of incubation commencing 0, 24, 48, or 72 h after starting tissue culture in basal
medium (n = 6 per group). (C) Effects of continuous presence of 0.5 lM forskolin for
7 days on androgen release and testicular cyp17a1 and star mRNA transcript levels
(n = 7). The cumulative androgen release is expressed as amount of 11-KT released
per mg testis tissue incubated. mRNA expression levels are shown as relative values
of respective transcript amounts measured in fresh testis tissue (n = 12). For each
parameter in panel (A), different letters denote statistical differences (p < 0.05). Bars
marked with an asterisk in panels (B) and (C) are signiﬁcantly different from its
respective basal condition control (p < 0.05).
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Sertoli cells and rlx3c for Leydig cells), and ex vivo 11-KT release
after 48 h of culture.
Second, the capacity of the culture system to support spermato-
genesis was assessed by incubating testis tissue with 100 nM
11-KT. To some wells, 15 lg/ml BrdU (Sigma-Aldrich) was addedduring the ﬁrst 48 h in culture to evaluate germ cell proliferation
and differentiation. After 7 days in culture, samples were processed
for morphological evaluation, immunohistochemical detection of
BrdU, or for analysis of mRNA levels of shippo1.
The functional state of the testicular steroidogenic system over
culture time was studied in different ways. First, the time-course
(6, 30, 54, 78, and 168 h) of 11-KT release and mRNA levels of
two steroidogenesis-related genes (cyp17a1 and star) was studied
under basal culture conditions. Second, the responsiveness of testis
tissue was quantiﬁed to an acute stimulation of 11-KT release for
6 h with 0.5 lM of the adenylate cyclase activator forskolin (Sig-
ma-Aldrich), starting after 0, 24, 48, or 72 h in basal culture. Third,
the effect of the continuous presence of 0.5 lM forskolin for 7 days
on 11-KT release and testicular cyp17a1 and star mRNA transcript
levels was analysed. Pilot studies showed that 0.5 lM, forskolin
elicited an intermediate stimulation of androgen release (unpub-
lished data).
3.4. Miscellaneous techniques
Morphological evaluation was performed following previously
reported procedures (Leal et al., 2008). BrdU-positive cells were de-
tected following a modiﬁed protocol from van de Kant and de Rooij
(1992) (see Supplemental information). Relative mRNA expression
levels were determined by real-time, quantitative PCR as described
previously (de Waal et al., 2008), except that the RNAqueous-Mi-
cro Kit (Ambion, Austin, TX, USA) was used for total RNA extrac-
tion. Primers sequences and the detailed methodology for
quantiﬁcation of 11-KT release to the culture environment are gi-
ven as Supplemental information.
3.5. Statistical analysis
Data are presented as mean ± SEM. Signiﬁcant differences were
identiﬁed using paired t-tests for two groups or one-way ANOVA
followed by the Student–Newman–Keuls test for three or more
groups. Signiﬁcance level (p) was ﬁxed at 0.05 in both cases.
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